This article develops 'broad-band' Liouville equations which are capable of determining the effects on the rotation of the Earth of a periodic excitation even at frequencies as high as semi-diurnal; these equations are then used to predict the rotational effects of altimetric, numerical and 32-constituent spherical harmonic ocean-tide models. The rotational model includes a frequency-dependent decoupled core, the effects of which are especially marked near retrograde diurnal frequencies; and a fully dynamic oceanic response, whose effects appear to be minor despite significant frequency dependence. The model also includes solid-earth effects which are frequency dependent as the result of both anelasticity at long periods and the fluid-core resonance at nearly diurnal periods.
INTRODUCTION
The tidal forces exerted by the Moon and Sun deform the solid earth, and set the oceans of the world into motion. The redistribution of mass associated with the rise and fall of the sea surface changes the Earth's inertia tensor; the accompanying tidal currents generate additional angular momentum relative to the solid-earth reference frame. Both of these processes redistribute the total angular momentum of the Earth, resulting in perturbations to Earth's rotation vector. The axial perturbation will affect Earth's rotation rate, or length-of-day (l.o.d.) , while the equatorial components will cause a misalignment of the rqtation and body axes, thus polar motion (wobble) and nutation.
Perturbations of Earth's rotation by long-period tides are important because they can be used to infer mantle anelasticity at subseismic frequencies (e.g. Merriam 1984; Nam & Dickman 1990 ). They may also obscure small long-period signals associated with core-mantle pressure torques (cf. Merriam 1988) and 'rapid' polar motion associated with atmospheric forcing (cf. Eubanks et al. 1988) . In fact, 1.o.d. time series are routinely corrected for the axial effects of long-period ocean tides (Yoder, Williams & Parke 1981; see McCarthy & Luzum 1991) , based on the assumption of static tides.
Perturbations of Earth's rotation by diurnal and semi-diurnal tides can also be expected (e.g. Yoder et al. 1981) to play a critical role in the interpretation and reduction of future high-accuracy, high-frequency rotational data. For example, such data is likely to include signals associated with precursory seismic and co-seismic phenomena-signals which may be overshadowed by the various tidal effects.
Because of the difficulty of reliably determining currents from numerical tide models, theoretical predictions of ocean-tide effects on rotation have generally been limited to the long-period tidal band. To the extent that long-period tides are near equilibrium, such predictions may even be reasonably accurate. Recently, estimates of the effects of tidal currents on Universal Time were published for four long-period and six short-period constituents of a numerical tide model (Brosche et al. 1989) . It would be highly desirable to estimate the currents corresponding to state-of-the-art satellite-based tide models (e.g. Marsh et al. 1990; Cartwright, Ray & Sanchez 1991) as well.
The purpose of this article is to present a more complete resolution allows the predicted tide heights to be realistically influenced by oceanic resonances (see Platzman 1984) . A lack of resonances in or near the semidiurnal frequency band, conceivably the result of our using limited spherical harmonic expansions to describe ocean geometry (harmonics through degree and order 24), may be responsible for the disparity between spherical harmonic and numerical predictions of semi-diurnal tide height amplitudes (see Dickman 1991 for extensive comparisons). Because of this disparity, the author considers his own semi-diurnal predictions (of tide velocities and especially tide heights, and the associated rotational effects) to be of questionable value. In this article we have determined rotational effects using a variety of tide models. We strongly prefer our own spherical harmonic predictions for the long-period tide constituents, and mildly prefer our own for the diurnal constituents; our semi-diurnal solutions are employed when necessary, for example in calculating secondary oceanic responses contributing to the total rotational effects.
A second important advantage of the numerical models is that they can employ frictional coefficients, for bottom drag and lateral eddy viscosity, which vary spatially, reflecting their probable dependence on ocean depth (see Schwiderski 1980 ); in our model those parameters must be treated as spatially constant. The (spatially averaged) values we have chosen for the friction parameters were determined (Dickman 1991 ) through a calibration procedure, in which the phase lags of the primary tide-height coefficients (those of degree 2, and the same order as the tidal forcing) for the M2, P1, and Mf constituents were roughly matched to those of current numerical and satellite-based (Marsh et al. 1990) tide models.
The effects of each ocean tide on Earth's rotation derive from the law of conservation of angular momentum. With this law expressed as a linearized form of the Liouville equations (e.g. Munk & MacDonald 1960) , we can account for the Earth's ability to deform non-rigidly in response to rotational perturbations.
The elastic mantle, fluid core and fluid oceans all respond differently to the rotational potentials. Furthermore, all responses are frequency-dependent , so that long-period descriptions of the responses will not be valid at diurnal and semi-diurnal periods. The frequency dependence of these responses stems in part from the nearly diurnal free core nutation, the rotational resonance of the fluid core. Tidal effects on rotation are further modulated by another rotational normal mode of the Earth, the 14-month Chandler resonance. In the following sections of this paper, we develop a form of the Liouville equations which includes all these factors. description of the rotational effects of luni olar tidesspecifically, the full 3-D rotational effects proJuced by the change in inertia and relative angular moniLmtum of 32 long-period and short-period tidal constituent \--than has been available till now. Before describing tht w effects, the theoretical ocean-tide model which forms thc h a w for the bulk of the predictions will be briefly discu\\L d, rotational excitation equations which are appropriate at high as well as low frequencies will then be developed i n detail, and extensively evaluated.
TIDAL A N D ROTATIONAL M 0 D E I . S General descriptions
The tide heights and velocities which served ;I\ the basis for most of the tabulations of this article were dctt~rmined from a spherical harmonic theory developed over tiit. past several years (Dickman 1985 (Dickman , 1988 (Dickman , 1989 (Dickman , 1990a (Dickman , b. 1991 . In that theory the oceans are modelled as non-glo!)al (that is, continents are present), self-gravitating and loading, and turbulent; the oceans also possess linearized h l i tom friction.
The bathymetry and coastlines are realisticalli described by spherical harmonic expansions of the o c e ,~: : depth and 'ocean function'. At the coastlines, 'no-Rt 8~4 ' boundary conditions are applied, and there is a glotul (Lagrange multiplier) constraint that each tide conserve mass over the oceans (i.e. that the oceans not be 'leaky').
With the tide height and velocities expandt:ul in spherical harmonics, it is possible to write the t i t k governing equations, two linear momentum equations ;I rid continuity, as matrix equations. The matrixed momentuni equations can be solved for the spherical harmonic coethients of the velocities in terms of the tide height coeffimmts. When substituted into continuity, and combined L\ ith a matrix version of the boundary conditions and Lagranee constraint, the resulting equation can be solved for t Iir. tide height coefficients; substitution of that solution luck into the momentum equations then yields the veloc I I ies. Alternatively (see Dickman 1991) , the velocities C~I I I be inferred using tide-height coefficients determined from other (numerical or satellite-based) tide models.
There are a number of differences between :stir tide model and numerical models such as those by SchKrderski (1980 SchKrderski ( , 1983 and Parke (1982; also Parke & Henderxliott 1980) . In contrast to the 'hydrodynamical interpolat i! ,n' technique employed in the numerical models, our soliltions do not require any constraint from tide-gauge ti'ita. In the numerical models, the oceanic boundaries r~r r' treated as leaky, as a means of simulating the loss of rlilal energy in shallow seas; their solutions conserve global I iiial mass only when averaged over each tidal cycle (or, I>\ subjectively balancing out the leakiness), whereas tlur solutions objectively conserve global mass at each in-rmt. In most numerical models, oceanic self-gravitation a.iiii loading are included only parametrically (with the samc , d i n g factor for all harmonic degrees and orders-see 7,1!wl 1990); in our model those effects are included without .I;iproxirnation, using a Love number formalism.
One clear asset of the numerical models I \ . of course, their ability to specify bottom topograph! ind coastline location with pointwise accuracy. The I i wlting high
Retrograde versus prograde
Because of the prograde daily rotation of the Earth, and the consequent apparent retrograde motion of the Moon and Sun in the sky, luni-solar tides are retrograde. In a right-handed body-fixed coordinate system (with A = east longitude), the retrograde nature of the tidal potential could be conveniently described according to, say, cos (at + d),
for the long-period (s = O), diurnal (s = l), or semi-diurnal (s =2) tidal constituent of frequency u. With this formulation, u must be treated as positive. This has been the approach followed in previous work (Dickman 1989 (Dickman , 1990b (Dickman , 1991 . On the other hand, the core resonance, also a retrograde phenomenon, is usually described in terms of a negative frequency. And, the Earth's diurnal rotation and Chandler wobble, both prograde phenomena, are traditionally described with positive frequencies; the prograde polar motion, for example, is specified according to exp (id) [ This redefinition yields essentially the same tidal potential U as was employed previously (Dickman 1989 (Dickman , 1990b (Dickman , 1991 : 5% [M,YT" exp (-id)] and 9 % [&Y; exp (id)] are equal, within a factor of (-ly, since in those works & was treated as real valued. The tidal solutions obtained in earlier work are therefore still applicable. Furthermore, with very slight modification to the earlier theory, as indicated in Appendix I, that theory can be extended to negative harmonic order as well as negative frequency for the forcing potential U. Thus, the convention that luni-solar tidal Frequencies will be negative is henceforth treated as an iron-clad rule.
Incidentally, it will be shown below that the change in centrifugal potential accompanying wobble includes both prograde and retrograde components. Thus, the pole tide-the response of the oceans to that potential-stands alone among all ocean tides for two reasons: not only is it forced by a long-period tesseral potential (tesseral hi-solar tidal potentials are all diurnal), but it is unique in resulting from prograde as well as retrograde forcing. Attempts to infer the amount of oceanic dissipation of the Chandler wobble by comparisons with luni-solar tides are thus doubly improper (see Munk & MacDonald 1960) . U = &Y;"e-'"'
Development of broad-band Liouville equations: the oceanless earth
The linearized Liouville equations are (Lambeck 1980) where 5 = Bf + BIG is the Earth's angular velocity vector and $ is the dimensionless excitation vector. The first equation allows us to determine the polar motion m = m, + im2-and therefore the nutation n = [ u / ( u + Q)]m (Wahr 1986 )--produced by any internal OJ external process; the second equation similarly yields the resulting axial perturbation m 3 in rotation, thus the change in the length of day ALoD= -86400m3s and the change in rotational angle AUT, = -$m3 dt. Excitation is possible from externally applied torques t, from internal changes G' in angular momentum associated with currents relative to the rotating coordinate frame, or from perturbations c in the Earth's inertia tensor. In these equations cij<<A, C and d,<<BC; that is, the perturbations in inertia are small compared to the average principal moments of inertia of the Earth ( A = equatorial, C = polar), and the relative momentum perturbations are much less than the bulk angular momentum of the Earth. Finally, the equatorial components of the Liouville equation have been combined into a single complex equation, with c = cI3 + ic, and I = L1 + id,, and the corresponding excitation function \y = q1 + i q 2 is multiplied by the scale factor a , = B(C -A)/A.
The mantle, core. and oceans all respond to perturbations QIG in Earth's rotation. In order to determine the net effect of any rotational excitation, all of these responses must be characterized. The response of the mantle is the most straightforward: if k E denotes the degree-2 Love number of the oceanless earth, then the changes in the inertia tensor associated with the solid earth response are (Munk & MacDonald 1960) k E 4 k~ ks 3 ks
where the 'secular' Love number (often called the 'fluid Earth' Love number) is ks=3G(C-A)/(8*a5), G is the gravitational constant and a is Earth's mean radius. Regardless of any frequency dependence implicit in these expressions, resulting from dispersive effects on k E associated with mantle anelasticity, it is possible to write such expressions at all, as discussed below, only to the extent that the response of the mantle is static. Because the period of the mantle's gravest free oscillation is -1 hr, these expressions are probably valid on time scales which are semi-diurnal or greater.
To the extent that the fluid core is inviscid, nonmagnetic and axially symmetric, with polar moment of inertia C,, it will be decoupled from axial perturbations in mantle rotation (Yoder et al. 1981; Wahr, Sasao & Smith 1981; Merriam 1982) ; as measured from the rotating mantle, it therefore contributes a relative angular momentum d3 = -C, * Bm,.
At decade-scale periods, of course, geomagnetic torques will succeed in coupling core to mantle (Rochester 1960) .
If the core were entirely spherical, it would not participate in mantle wobble at all; in that case its equatorial angular velocity relative to the wobbling mantle would be -u / ( a + B)Bm (see Dickman 1983) , if the frequency of wobble were u. In that case, the equatorial relative angular momentum of the core would be A, times -o / ( a + B)Qm, where A, is the equatorial moment of inertia of the core. However, because the core boundary has the shape of an oblate spheroid, with flattening f,, a wobble of the mantle engenders a slight response of the core fluid (Hough 1895) ; this response, which for a homogeneous incompressible core takes the form of a quasi-rigid rotation superimposed on the diurnal rotation, has come to be known as 'Poincare flow' (see Lamb 1932; Rochester, Jensen & Smylie 1974) . As summarized in Wahr (1986) , the relative angular momentum Ocean-tide effects on Earth's rotation 45 1 motion excitation, i.e. Y involves (I -i l / Q ) rather than simply 1; however, as discussed in a later section on rotational 'observables', 2 plays the same role even when the 'intrinsic' excitation x (which involves only I) is considered so the basis of such retrograde diurnal coupling must indeed be dynamical .
Incidentally, the free wobble frequency a, for an Earth without oceans is easily found from 2(a) by setting Y = 0; since a, << 51, 2 = (1 + e)[l +fc]-' --1 + E -fc and we have contributed by the core in this case is (the first of these results may be obtained from Smith & Dahlen (1981) by combining their eqs 6, 7, 10 and 11 in Appendix B with 4.11b); however, for our purposes the frequency-dependent denominator in this expression cannot be treated as constant.
An elastic mantle allows the core-mantle boundary to deform slightly in response to the Poincare flow. According to Sasao, Okamoto & Sakai (1977; see also Sasao & Wahr 1981 ) the products of inertia generated by this deformation will be c = AE[-a/(a + Q)]m, where = 2.252 X lop4. Defining = (A/A,)E, we will instead write it as for reasons stated below.
Liouville equations can be written
Combining the mantle and core effects into eqs (l), the where As discussed later, the oceanic effect on wobble period 
Frequency-dependent Cove numbers
The free core nutation causes solid-earth Love numbers and load Love numbers to be strongly frequency-dependent at short periods (see, e.g. Melchior 1983) , if the forcing potential is of harmonic degree 2 and order 1sJ = l . Following Wahr (1981) and Lambeck (1988, Table 11 .6) we first write might be viewed as a frequency-dependent 'Hough number' (cf. Dickman 1983) and where now Y and I #, denote additional excitations beyond those associated with the response of the oceanless earth to rotational perturbations. Eq. 2(a) demonstrates one effect of core fluidity, namely 'core decoupling': axial excitations act on an earth with reduced inertia (the factor multiplying m, is approximately C,/C), thus producing amplified effects (see, e.g. Yoder et al. 1981; Merriam 1982) ; and, polar motion excitations, acting at any prograde frequency or at a retrograde frequency not close to -Q(1 +fc) or -Q, experience an analogous amplification (for all those frequencies, 2 -1 and the factor multiplying m is approximately A M / A ) .
The expression for 2 implies a resonant effect exists at a = -Q(1 +fc), which is close to the frequency of the free core nutation; Smith (1977 p. 116) explains why the resonance in I (and thus 2) should occur at a slightly different frequency than the rotational resonance of the core. Our modification of the Poincare flow-induced c allows it to contribute to this behaviour along with 1.
The expression for 2 implies that it vanishes at the retrograde diurnal frequency, i.e. at u = -9. Thus, for the K1 tide the core is, in effect, fully coupled to the mantle [Smith (1977) calls this a state of 'gyrostatic rigidity']. This may appear to be a consequence of our definition of polar where a,,, is the frequency of the 01 tide, chosen as reference, and oFcN is the free core nutation frequency; aFcN = -2n(1.0021714) and from Lambeck (1988) , a,,, = -2n(0.926998) rad/sidereal day. Wahr (1981) also found kE = 0.299 kE = 0.302
these differ from the non-resonant portion of the s = -1 kE as a result of mantle ellipticity and Earth's prograde rotation.
The difference between k~( a) as evaluated at frequency a, and the constant kE determined above from our estimate of a, (both in the case of Is1 = 1) may be attributed to the dispersion associated with mantle anelasticity. Because it is unlikely that dispersive effects can ever be simply modelled (see Dickman 1986 )-and in particular because power-law representations of anelasticity are too simplistic-we have chosen to use kE(u) for tides at short periods and the previous constant kE for all tides at long periods (note that over the entire long-period band the above s = -1 formula for kE(a) varies by no more than 1/3 per cent, so that-from the perspective of core rotational dynamics, if perhaps not mantle anelasticity-treating the Love number as constant throughout the long-period tidal band is acceptable). Thus we will employ a solid-body frequency- Incorporation of frequency-dependent Love numbers in our theory requires that kE be replaced in eq. 2(a) with kE(a), using eq. 2(b).
As we will see in the next section, the oceanic response to polar motion and changes in 1.o.d. requires that we consider various types of forcing potentials. The response of the mantle to those forcings must be similarly varied, so to accommodate them all we use the following notation: these definitions will allow us to keep track of prograde versus retrograde forcing. Finally, quantifying the oceanic effects on rotation, as described in the next section, will require us to use various load Love numbers. As discussed in where the long-period value for k; has the same scale factor, (0.312/0.298), as the long-period kE (and, as with kE, the scale factor is applied to the s = -1 value of ki). The constant terms in these expressions have been altered slightly (by about 1/4 per cent) from Wahr & Sasao, to account for the slight differences between earth models 1066A and 1066B (see also Dahlen 1976 ). It will prove useful to define k&=k&(o) and k;, = k;*(a) as the values of k;(a) corresponding to loads of harmonic order s = 0 or 2 and Is( = 1, respectively; and to distinguish kb(a) = k;,(a)
The tide solutions whose effects are considered in this work also depend on Love and load Love numbers:
(1 + kE -h~) scales the luni-solar forcing potential; and (1 + kj -hi) scales the degree4 order ~t component of the truncated tide height (v), if the oceans are loading and self-gravitating (see Dickman 1988 Dickman , 1989 for details). Combining Wahr's (1981) short-period frequency dependence with our estimate of long-period dispersion, we specify hE(a) = f 0.606
Similarly, combining Molodenskiy's (1977) formula k j = k / -h/ valid for a radially symmetric Earth], dispersive effects on body Love numbers must carry over to load Love numbers of the same degree. It is likely that such dispersion is dependent both on frequency and on harmonic degree, since different spherical harmonics sample the interior differently (this is evident in the two-layer rheological model of Wahr & Bergen (1986) , and could be inferred for more general anelastic models). Until dispersive effects on 1 + kj -hi have been estimated or predicted for all d, we will restrict our dispersive Love number model to d= 2.
Oceanic effects and the development of broad-band Liouville equations
The oceanic response to rotational perturbations can be expected to be significantly [and non-linearly (cf. Dickman (cf. Dickman 1989) , where p, is oceanic density and the tide height coefficients correspond to the tide height 'truncated' to zero over the continents (see Dickman 1988) . The present formula for c33 corrects a typographical error in Dickman (1989 Appendix 2) mistakenly involving l/fi. In these formulae we have also incorporated the change in mantle inertia produced by ocean loading, via the load Love numbers k& k l (Lambeck 1980 (Lambeck , 1988 , now treated as frequency dependent. In the present work we also include a second consequence of core fluidity (Merriam 1980) , which is that axial decoupling of the core modifies the load Love numbers: in the notation of Nam & Dickman (1990) , the modification factor is ff31ff, = 0.7919.
For later use we define -1991)] frequency-dependent. When an excitation generates polar motion, the accompanying change W in centrifugal potential acts as a tidal potential which sets the oceans into motion (it also deforms the mantle, producing the change c in inertia listed earlier). If the polar motion excited is the prograde, long-period Chandler wobble, the accompanying oceanic response is called the pole tide. In general, the polar motion can be at any frequency; it may also be elliptical, so that it includes retrograde as well as prograde components,
( 3 4 For complete generality we henceforth allow for the possibility of a complex forcing frequency, (a, i.e. periodic motion [%((a)] plus damping [4m((a)]. Eq. 3(a) is equivalent to I;
in this form the presence of both prograde and retrograde components may be more apparent. Using eq. 3(a), W can be expressed in terms of spherical harmonics of degree 2 order -1, with prograde and retrograde components, as
[W is presented in slightly different (but equivalent) form in When an excitation generates a change in the length of day, the accompanying change W' in centrifugal potential also acts as a tidal potential (it was this potential which deformed the mantle, producing the inertia perturbation c33 listed earlier). In this case, the potential is of degree 2 order 0:
(see Lambeck 1988) where we set
The response of realistic (zonally asymmetric) oceans to W or W' will include spherical harmonic components of all degrees and orders, exciting further changes in all components of rotation; with a dynamic response, these further excitations will derive from relative momentum as well as inertia perturbations. The initial tidal excitations also include momentum and inertia contributions. Changes in the oceanic inertia tensor can be calculated , , in a straightforward manner in terms of the spherical harmonic coefficients of the tide height:
The equatorial relative angular momentum generated by tidal currents can be calculated according to here I, = 1/2p,a3 c 9 c.
x [WQr -3;C;Q7;+1, -3;qQ3L,I
( 5 4 and the expression for I, is the same as that for I, but with the tide velocity coefficients ui, 6 replaced by their complex conjugates and Q-replaced by (-1)"Q'-").
The coefficients of the ocean depth h are h i . C', @;, and QT are defined in Dickman (1988 and 198Q) . h e formula for I presented here differs from that listed in Dickman (1989) ; the latter actually was the 'motion' term (I-it) of V (Lambeck 1980) . For consistency with the core and mantle effects, where I and t terms are explicitly treated in eqs (1) and (2), the angular momentum term here is restricted solely to 1. For the axial component of the relative angular momentum, we find
as in Dickman (1989) . Note that l3 involves harmonic coefficients of b = hsin (colatitude) rather than h.
The Liouville equations for an Earth possessing oceans must include the oceanic responses e, c33, I, and l3 to the change in centrifugal potential W or W' (or both) accompanying polar motion or changes in the length of day. It would be convenient if those responses could be written explicitly in terms of the rotational perturbations producing them, just as the mantle response was: for example, c = Em, with I E a complex coefficient; or, in general, c=Em+Fm* +Gm3 and similarly for I, c33, and d3 (e.g. Dahlen 1976; Smith & Dahlen 1981; Wahr 1986 ). In addition to allowing the Liouville equations to be reduced to simpler terms, e.g. in the frequency domain, such expressions would allow the effects of the oceans to be described concisely as modifications to the Love number k E ( ( 7 ) (see also Yoder et al. 1981) .
However, because the oceanic response is dynamic, such representations are not possible. To demonstrate this, we refer to Dickman (1988) , whose work implies that, when solving the tide equaticns in the case of forcing by W, the tide height coefficients T = (Tj") can be written in the form
for either the untruncated or truncated coefficients; this representation is also valid for the velocity coefficients. Expressions of this type reflect the fact that-with non-global oceans-coefficients of all degrees and orders are produced by either prograde or retrograde forcing. Substituting this expression into eq. It can easily be shown, then, that expressions like c = Em + IFm* require specific relations+ between the prograde and retrograde solutions PT and RT, for example yp(pT;l) = YR(RT;')~ Even excluding the frequency-dependent load factors implied by the yP and y R , such relations are impossible for dynamic ocean tides, which, under the influence of the Coriolis force (caused by Earth's prograde daily rotation), behave differently in response to prograde forcing than in response to retrograde forcing. The impossibility of such relations was also verified computationally using an early version of the author's tide model. Suggestively, those numerical experiments additionally revealed a frequency dependence, in that the tide forced at a 100-day period approximated such a relationship more closely than a tide forced at a one-day period (even with the y factors excluded).
It turns out, though, that it is possible to write a relationship for c of the form
YP(RT:)* = YR(PT.~*-
In the static limit, the Em and fm* terms approach zero, which makes sense physically; while I E and IF themselves approach Y(~T;'), -Y (~T ; ) * respectively. As we will show below, for long periods E and also IF (with appropriate multiplicative factors) play the role of oceanic Love numbers, describing a portion of the oceanic inertia response to polar motion.
The 'cross-coupled' (Dahlen 1976 ) products of inertia, generated by spin-wobble coupling in non-global oceans in response to the axial perturbation m3, can be similarly treated. Altogether the result is c = Em + iEm + IFm* + ifm* + Gm, + iGriz, (74 where also if the tidal solution to the potential W' is given by and M ; is given by eq. 3(b).
In a similar fashion, it is possible to write the relative angular momentum I, and the axial perturbations to inertia and momentum c3,, d,, produced by W and/or W', in terms of the rotational variables; the results are
The various E, IF, and G coefficients, which depend on c, load Love numbers (in the case of c or c,,), the parameters of the ocean model, and the tidal coefficients generated by W or W', are defined in Appendix 2.
At this point, it is clear that representation of the oceanic response to wobble/l.o.d. in terms of the rotational variables themselves, via (7), is quite cumbersome when the response is a dynamic one. However, it has long been understood that the effects of the Earth's non-rigidity on wobble, e.g. causing the free wobble period to be lengthened from 10 months to 14 months, depend on viewing the non-rigid deformations as responses to wobble, in terms which can be written with an explicit dependence on the wobble variable. It is such a dependence that distinguishes these deformations, which are capable of feeding back to modify the polar motion, from all other sources of excitation (the c and I in eq. 1) which do not (see Dickman 1982) . For example, were it not possible to write the responses of the mantle to wobble explicitly in terms of the wobble variable, i.e. c = (kE/ks)(C -A)m, the Liouville equations would not yield a wobble period lengthened by -4 months.
Similarly, if the oceanic response to W and W' were not written explicitly in terms of m, the resulting c and 1 would excite additional rotational perturbations (additional m, for instance) but would not feed back to modify wobble as the elastic mantle and fluid core do; in effect, these additional excitations would be acting on the oceanless earth, an Earth transforms, as Munk & MacDonald (1960, Section 6.7) and Lambeck (1980) outline for the traditional Liouville equations. Our interest here is in periodic excitations, at frequency (I. In this case we set
where Yk = (Yb)* since Y3 should be real-valued; and, = y a u t + yke-io*i 
Reduction of the Liouville equations io special c e s
To illustrate the physics of eqs (9), we consider two special situations that allow the Liouville equations to be simplified. First, consider the axial component of the Liouville equations in the absence of cross-coupling. Eq. 9(c) reduces to Mb = Y;/D3, whose resonant frequency were a , rather than the observed Chandler frequency a , .
In short, use of eq. (7) is unavoidable. Substituting them into the Liouville eq. 2(a), as modified appropriately by eq. 2(b'), yields our final governing equation,
where 6 refers now to additional excitation beyond that associated with the response of our full Earth modeldeformable mantle, fluid core, and dynamic oceans-to rotational perturbations. In these equations the crosscoupled terms are grouped with the excitation to allow the 'direct' terms to be more readily identified. We see that inertia and (scaled) relative angular momentum pfrturbations contribute comparably to all terms in these equations. Note that, unlike the more traditional 'static' Liouville equations, these polar motion equations include second time-derivatives (:)-a consequence-of the first derivatives in eqs (7), combined with the i and 1 terms in eqs (2).
Because of the retrograde motion and cross coupling induced by the oceanic response, eqs (8) cannot be reduced to simple equations in terms of m only (for the wobble equation) or m3 (for the 1.o.d. equation). For general excitations, it may be possible to solve for the total perturbed rotation vector 61 using Laplace or Fourier and illustrates that the axial excitation function is affected primarily by core de-coupling plus marginally by mantle elasticity and ocean fluidity.
More specifically, consider next a hypothetical Earth overlain by zonal (axially symmetric) oceans. In this case there is neither elliptical polar motion nor cross-coupling, and all the I F coefficients vanish; also, all the G coefficients except the primed, and all the E primed coefficients, vanish (see eqs 7). Now the polar motion components of (9) At long periods this factor approaches A / A M , reflecting the near-decoupling of core and mantle; but at short periods it is modified by a strongly frequency-dependent core response (even leading to zero decoupling at 'gyroscopic' frequencies), and a frequency-dependent oceanic response. Such behaviour means that it is incorrect to write the polar motion produced by periodic excitation in the form (Munk & MacDonald 1960; Lambeck 1980; \ypeiat + -R AM m=-a, + u* 9 this accounts correctly for core de-coupling only at long periods, and mistakenly employs the Chandler frequency-a constant-in the denominator rather than the actual frequency-dependent terms. In the next section, we evaluate the relative magnitudes of such frequency-dependent terms.
Comparison with 'static' Liouville equations; and, a new computation of the Chandler wobble period
Traditionally, the effects of mantle and oceanic deformation (in response to rotational perturbations) have been lumped together into a single 'effective' Love number, usually denoted k2. If we approximate the response of the core to wobble as a (frequency-independent) complete de-coupling of core and mantle inertia, then the Liouville equations yield the following solutions for the wobble and 1.o.d.
produced by excitations at frequency u: 
With this 'static' approach to the Earth's deformability, the rotational resonance a,-the Chandler wobble frequencyis given by a, = or( 1 -") A . The largest term common to both equations is shown in brackets below each of the difference expressions. For purposes of illustration, all three rotational components have been assumed to be independent, and all terms known to be relatively small (-lo-* or less) have been ignored. See the text for further details and explanation of symbols.
Using the expressions for the D coefficients from Appendix 2, this equation can be expressed as a polynomial function of frequency a; at the long periods involved, non-linear terms in the D coefficients can be ignored, so the polynomial function is simply quadratic. With a, = 2n/304.68 rad/ sidereal day (Lambeck 1988 frequencies. Differences between k2 and kTp will be discussed at a later time. Other differences are listed analytically in Table l (a) and then evaluated numerically for representative long-period, diurnal, and semi-diurnal frequencies in Table l (b). In Table l (a) we see that both oceanic and fluid core response terms contribute to these differences in the case of the wobble components; but for the axial component there are oceanic terms only, since axial decoupling of the fluid core is complete and generates no frequency-dependent response. In our comparison the major oceanic response terms which are included in the broad-band Liouville equations are, for the wobble components, those involving $ and &-t he m coefficient+ and, for the axial component, those involving G', GL and &, 6;. The frequency-dependent core effects are, to lowest order, confined to the retrograde wobble component (note that R , , whose magnitude is always close to unity, is shown only for comparison). Those core effects derive at both diurnal and semi-diurnal periods from the frequencydependent Love number kER, which contributes to kT, and at diurnal periods from the free-core nutational resonance contained in 2 , .
Table l(a) shows that some potentially large terms omitted from the traditional approach, occurring at retrograde diurnal frequencies and originating in the oceanic and core responses, are at the same time suppressed as a-Q (thus, as €=(a-Q)/Q+O).
The result is a complicated frequency-dependent trade-off between the various response coefficients and their nearness ,lo the diurnal period. The evaluation of the differences listed in Table l(a) requires that the value of kE (and thus kT) be known. The long-period value of kE is determined by inference from the effect of the oceans on the Chandler period. Ignoring spin-wobble coupling for now (Dahlen 1976 Using the extrapolated value of kE to scale the Love numbers and load Love numbers at long periods, as described in the earlier section on frequency-dependent Love numbers, we have evaluated the traditional versus broad-band differences listed in Table l(a); the results are summarized in Table l(b) for various frequencies of excitation. Table l(b) suggests that the oceanic responses introduce a small amount of dissipation into the broad-band equations; this will lead to slight phase lags in the predicted wobble effects compared to the traditional approach. More important, it is clear from Table l(b) that the frequencydependent differences are relatively small-less than about a tenth of 1 per cent-in all cases except the fluid-core decoupling effect at retrograde diurnal frequencies.
Including a frequency-dependent R , in the Liouville equations is evidently of critical importance for determining the retrograde polar motion produced by nearly diurnal excitations; its inclusion is even more important for determining the 'reported' motion n, as defined in the next section [using the notation of Table l(a), the retrograde component N , of n is found to equal MR/&].
The relative unimportance of the frequency-dependent oceanic response (according to our spherical harmonic model) is somewhat surprising, considering that core and ocean effects on the Chandler period are comparable in magnitude. The relative magnitudes of the oceanic terms as shown in Despite the incompleteness of representing the ocean response with a Love-number formalism, a brief evaluation of koc is appropriate here. Fig. 1 shows k-rR and koc computed at a range of frequencies: Chandlerian, Ssa, Mm, Mf, M9; Q l , 01, P1, K1, q 1 , J1; and N2, M2, S2, K2.
The oceanic Love number is clearly variable (note the variability results from dependence both on frequency u and on forcing s); thus, the oceanic response is indeed a highly variable one. Consequently, its effect on the combination of factors which at long period equals a, is significantparticularly at diurnal and semi-diurnal periods, because of the effect of currents. However, because of the limited oceanic inertia, the EDl1 and DZ2 denominators are dominated by u at those same short periods. Thus, in order that the oceanic response play a more dominant role, koc would either have to be more variable at low frequency or possess greater magnitude at high frequency.
It should be noted that none of the preceding conclusions about oceanic responses to rotational perturbations carries any implications for direct oceanic excitation, whether its origin is tidal forces, tropical winds, or any other geophysical processes, because the primary excitations contribute directly to v. In light of the comments made early in this article concerning the limitatids of the spherical harmonic tide model, it is also conceivable that the indirect oceanic responses and koc at short periods may be larger than the preceding computations indicate.
From our definitions of the load Love numbers, we can expect first-order differences between the solutions to the traditional and broad-band Liouville equations when the excitation loads the solid earth; such major differences derive from the factor [ 1 + k;( u)] which directly multiplies the inertia excitation functions (see eq. 4). These effects were excluded from Table 1. In the comparison leading up to Table 1 we also did not consider the coupling between prograde wobble, retrograde wobble, and 1.o.d. components of the Liouville equations, included in eq. (9) but ignored in the traditional approach.
In summary, we believe the effects of the fluid core (on decoupling and on load Love numbers) to be critically necessary for accurate prediction of rotational effects at high frequencies. As illustrated in the section on Ocean Tide Effects, including the oceanic response at any one frequency yields reasonably accurate predictions of rotational effects at all frequencieGat least, when the author's spherical harmonic tide model is used; that is, the oceans must be included in any model of rotational effects, but their frequency dependence can be ignored.
Transformation to reported quantities
In the past three decades (see Gross 1992 for a review) there has been a growing awareness that Earth orientation observations do not directly measure wobble: although m, defined as the angular separation between rotation and figure axes, is dynamically an important quantity, what is actually observed-by stations attached to Earth's surfaceis essentially the motion of the body axis relative to inertial space. At the low frequencies which characterize the annual and Chandler wobbles, the rotation and angular momentum axes (the latter fixed in space during wobble) are nearly aligned, making the distinction a minor one [although even in this case such a slight misalignment must be accounted for, given present levels of observational accuracy (Capitaine 1986 )]; at high frequencies the axes are not closely aligned at all and the distinction between wobble and observed motion is quite significant.
It has, in fact, become the accepted convention of Earth orientation observation services to report the position n of the 'celestial ephemeris pole' (C.E.P.) relative to inertial space; as shown by Gross (1992) , this reported motion azimuthal angle increment A m 1 (but see also Capitaine 1986) , which for notational purposes we denote as n3: -n3 = m,; n3 = N@-'" + conjg.
(12a) For completeness, also, we define the intrinsic axial excitation function x3 by -i3 = q3; x3 = +Y* + conjg.
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From eqs 12(a) and 13(a) it follows that and Finally, substituting relations 10(b) and 12(b) into the left-hand sides of eqs (9), and substituting ll(c) and 13(b) into the corresponding right-hand sides, the broad-band Liouville equations can be transformed into relates to the traditional polar motion m according to this relation holds at all frequencies. The physical meaning of the C.E.P. is apparently subject to some debate (and is perhaps fundamentally non-unique) (Capitaine 1986; Gross 1992) . In 1980 the International Astronomical Union adopted a convention that identifies the celestial ephemeris axis with the 'B-axis' of Wahr (1981) , which can be described as a diurnally averaged 'mean' body axis. Wahr (1981) given by m-n. To conform with these recent conventions we will call the latter 'rotational nutations'. At very low frequencies II and m evidently become indistinguishable (and the rotational nutation becomes a vanishingly small 'sway'), but at high frequencies the two quantities are quite distinct; at high frequencies, the reported motion may contain comparable amounts of wobble and rotational nutation.
In terms of prograde and retrograde components of motion at frequency u, we find from lO(a) that can be used to determine the prograde and retrograde components of n from our solutions for m at all frequencies not close to diurnal; however, at diurnal frequencies the retrograde polar motion is supressed (Y, is correspondingly suppressed), preventing accurate inversion for N,.
To determine II at diurnal frequencies, it is necessary to transform the broad-band Liouville equations. Following and Note in particular that none of the 9 coefficients is singular at u = *Q, and there is no suppression of intrinsic retrograde diurnal excitation or nutation!
OCEAN T I D E EFFECTS
In Tables 2-5 we list the rotational effects of 32 long-period, diurnal, and semi-diurnal constituents whose tide heights and currents were determined by our spherical harmonic theory. In line with the numerical tests described in the previous section, these rotational effects are based on broad-band Liouville equations with a frequencyindependent ocean response: the E, F and 6 coefficients are the same for all constituents (set arbitrarily to always equal their values at the Chandler frequency); that restriction is evaluated later. Because the rotational effects are insensitive to any frequency dependence in E, F and G it is permissible to employ them with other tide models; Tables 6 and 7 summarize the broad-band rotational effects of constituents whose tide heights are respectively from the Geosat altimeter tide models of Cartwright et al. (1991) and the Schwiderski (1983) numerical tide models [least-squares harmonic decompositions through degree and order 8 courtesy of R. Ray (personal communication 1991) l. Finally, the rotational effects of a number of the tidal constituents were also determined using the full broad-band Liouville equations-that is, including the complete, Table 2 . Long-period tidal effects on length-of-day. * frequency-dependent responses of the oceans to the initial tidal excitations; the results in this case are not tabulated but are discussed near the end of this article.
I N E R T I A R M T I V E llowormw T O T
In Tables 6 and 7 , our spherical harmonic theory was used to predict tidal currents from the harmonics of the satellite/numerical tide height models; see Dickman (1991) for a description of the methodology. It should be noted that any inability of our theory to predict tide heights correctly at semi-diurnal periods may be partially reflected in the tidal current predictions of these hybrid models. In all applications of the spherical harmonic tide model (Tables  2-7) , the frictional parameters of the oceans were taken to be those determined in Dickman (1991) ; the rest of the oceanic parameter-oefficients of the ocean depth and coastline functions, etc.-were as discussed in Dickman (1989 Dickman ( , 1990b . Tidal frequencies and forcing amplitudes were primarily taken from Lambeck (1988 , Table 7 .2), with reference also to Melchior (1983, Table 1.4) . Table 2 presents the effects of long-period ocean tides on the length of day. The remaining Tables are subdivided as follows: Tables 'a' describe the tidal effects on Universal Time, in terms of the magnitude and phase (relative to the tidal forcing M,,, which is set to be real-valued) of the change in UTl; Tables 'b' describe the effects on wobble, in terms of the semi-major axis, ellipticity, and major axis orientation of the elliptical motion induced by each tide; and, Tables 'c' describe the tidal effects on the reported (observable) motion, or 'nutation', in terms similar to those for wobble.
Determination of total effects
The effects of tidal relative angular momentum (due to currents) and tidal inertia (due to the tidal change in sea level), in Tables 2-7 , add vectorially, so that the complex representation of the rotation variables-N> for UT1, M P and M, for wobble, and NP and N , for reported motion-is the appropriate one to use when calculating total effects. * a is the semi-major axis, in units of micro-arcseconds; e is the ellipticity of the polar motion path; and, the orientation of the ellipse is specified by I, the orientation of the semi-major axis in "E longitude.
Table 3(c).
Long-period tidal effects on reported motion.* * a is the semi-major axis, in units of micro-arcseconds; e is the ellipticity of the path of the reported motion; and, the orientation of the ellipse is specified by I, the orientation of the semi-major axis in "E longitude. * Units are lo-" radians. Table 4(a). Diurnal tidal effects on UT1.*
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p!** * a is the semi-major axis, in units of micro-arcseconds; e is the ellipticity of the polar motion path; and, the orientation of the ellipse is specified by I, the orientation of the semi-major axis in "E longitude. * a is the semi-major axis, in units of micro-arcseconds; e is the ellipticity of the path of the reported motion; and, the orientation of the ellipse is specified by I, the orientation of the semi-major axis in "E longitude. Units are seconds of time. *Units are microseconds of time; UT1 phase, relative to 'epoch', is given in parentheses. Inertia and momentum effects both derive from the theoretical spherical harmonic tide model described in this article.
IS? I N E R T I A RELATIVE NOUWTUM T O T A L
** Periods of tidal constituents are in mean solar days. * a is the semi-major axis, in units of micro-arcseconds; e is the ellipticity of the polar motion path; and, the orientation of the ellipse is specified by A, the orientation of the semi-major axis in "E longitude. * a is the semi-major axis, in units of micro-arcseconds; e is the ellipticity of the path of the reported motion; and, the orientation of the ellipse is specified by A, the orientation of the semi-major axis in "E longitude.
Inspection of such complex forms, whose values are presented in Tables 'd' -'f' for our 32 tidal constituents, reveals interesting patterns showing how the inertia and momentum effects add. In Table 4 (d), for instance, we see that the inertia effects of diurnal tides on Universal Time tend to be roughly out-of-phase with their forcing (i.e. NL is mostly imaginary) whereas their momentum effects possess comparable in-phase and out-of-phase components; however, the out-of-phase portion of the momentum effect opposes the inertia effect. Thus, momentum acts to reduce and reverse the out-of-phase inertia effect, leaving an in-phase momentum effect to comprise the bulk of the total effect; this is reflected in Table 4 (a) as well. In contrast, although the momentum effects of semidiurnal tides on UT1 Table 5 (d) fully oppose the inertia effects, the latter are so much smaller that it would be misleading to state that they are reduced or reversed by the former. Rather, Table 5(d) demonstrates that the momentum effects are reduced somewhat by the inertia effects.
The inertia and momentum effects on reported motion generally add for diurnal tides [ Table 4 (f); any opposing e f f e c t s b y the out-of-phase components of N, or N,-tend to be relatively ineffective. For semi-diurnal tides [ Table  5 (f)] there is a greater number of opposing components of momentum and inertia, but their opposition is also ineffective. It may be concluded, however, that for diurnal tides the net effect of momentum and inertia is more significant retrograde reported motion, while for semidiurnal tides the net effect is reduced retrograde motion [see also Tables 4(c) and 5(c)]. 
Predictions from the spherical harmonic model
Looking now at Tables 3, we see that long-period tide effects on UTl are heavily dominated by the nodal, annual and semi-annual constituents; this is because UT1 represents an integration over time of changes in the length of day (cf. Table 2 ). Long-period effects on wobble and reported motion are dominated by the same three constituents, because of the influence of the Chandler resonance on wobble and nutation. As the constituent frequency passes through that resonance, there is also an effect on the wobble ellipticity.
Our predicted long-period effects on UT1 agree well with those of Brosche et al. (1989) , who employed a pure numerical theory to determine tide heights and velocities. Details of their calculations are sketchy, although their tide model apparently does conserve global mass, so their predicted inertia effects are not contaminated by non-zero @ (Baader, Brosche & Hovel 1983; Brosche 1992 personal communication; see also Seiler 1991) ; their predictions appear to include also a decoupled core. They predict total (inertia + momentum) fortnightly effects of 108.5 psec (for Mf) and 44.9 psec (for Fm), which are 2 per cent less than our results in Table 3 (a); their prediction for Mm, 126.9 ysec, is only half a per cent greater than ours. Brosche et al.'s semi-annual prediction, 794 psec, is distinctly larger than ours, by almost 5 per cent; evidence from the unusually large fraction of relative momentum in their Ssa solution (3.5 times that in our Table 3a , proportionally, though still negligible in absolute terms) adds to the possibility that numerical imprecision or instability is affecting their solution at that long time scale.
Most of the predicted UT1 phase lags are reasonably small in both our model and Brosche et al.'s, which is to be expected at long periods. Curiously, their lags are consistently about twice ours: 20.7" versus 10.75" for the fortnightly constituents, 12.8" versus 5.5" for Mm, and 2.3" versus 0.8" for Ssa. The monthly and fortnightly phase lags are consistent with tidal observations and other theories (see Dickman 1989, Table 4 ; also Dickman 1991 pp. 27-28) . The Brosche et al. semi-annual lag, however, seems dynamically excessive.
The rotational effects of long-period tidal currents are clearly secondary to those of tide heights. Interestingly, the currents affect wobble and nutation more strongly than they affect 1.o.d. or UT1, despite these tides having been created by zonal tidal potentials. In magnitude, the relative momentum contributions to wobble are not insignificant4 per cent for Ssa, 24 per cent for Mm, 19 per cent for Mf, and 16 per cent for M9 compared to their inertia contributions-although their vectorial contributions to the total are much smaller.
Judging from Tables 4 and 5 , it is evidently critically necessary to account for ocean tidal currents if short-period tidal effects on Earth's rotation are to be predicted accurately. For example, the magnitude of tidal effects on UT1 would be under-predicted if the effects of tidal currents were neglected-by about 30 per cent in the case of diurnal tides, 50 per cent in the case of semi-diurnal tides. More important, the phases of the UT1 predictions would be completely inaccurate (to a first approximation, the signs would be reversed). And, the predicted effects on wobble or nutation would be even more seriously in error without the inclusion of the currents' effects.
We find from Tables 3-5 that by far the largest total tide effects on UTl occur in the long-period band. According to our tide model, diurnal and semi-diurnal effects on UT1 are, with the possible exception of M2, likely to remain statistically undetectable even after future high-accuracy, high-frequency rotational data become available. The Brosche et al. (1989) model, however, predicts diurnal UT1 variations typically 30 times greater than ours, and semi-diurnal variations 15 times greater; in this case, short-period ocean tidal effects on UT1 would be marginally detectable with current space-geodetic data (see final discussion below).
Comparatively large effects on reported motionmarginally detectable even now and most likely easily detectable with the coming generation of rotational data-are produced by a number of constituents in both the long-period and diurnal tide bands.
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The hybrid models: caveats and comparisons Spherical harmonic, altimetric, and numerical tide models represent fundamentally different approaches to tide prediction, so it would not be surprising to find that their implied rotational effects were in disagreement. One feature of the various tide models which can lead to disparate rotational predictions is an inability to conserve tide mass globally; in addition to modifying the entire tidal solution, the resulting non-zero will directly contribute to an erroneous prediction of changes in UT1 by tidal inertia (see eq. 4). In the short-period altimetric and Schwiderski tide models, the g coefficients are compartively large-typically about 50 per cent of % for the altimetric solutions, -30 per cent for the Schwiderski solutions for the 0 1 , P1, M2 and S2 constituents. Diverse factors may act to distort the amplitudes of the tide height coefficients of the different models: observational noise may affect the altimetry data; tide gauge data used in 'hydrodynamically interpolated' numerical models may be similarly noisy; coastal tide data used for hydrodynamical interpolation may misrepresent the deep-ocean tide; and, coarsely resolved sea-floor bathymetry in the spherical harmonic model may, as mentioned earlier, alter the natural resonant frequencies of the model ocean, leading to incorrect amplification of the tide heights. On the other hand, the approximate parameterization of oceanic selfgravitation and loading (Accad & Pekeris 1978) employed by many numerical tide models (e.g. Schwiderski 1980 ) may also distort the model ocean resonances (Zahel 1990) .
Beyond these fundamental differences, a key point to remember is that inertia effects on rotation derive entirely from only one or two tide height coefficients; in many cases those coefficients are secondary, i.e. 'p; whose harmonic order differs from that (s) of the tidal forcing potential. Such coefficients are generally minor components of a tide model; indeed, in published tabulations of tide models, such as the MERIT Standards (Melbourne et al. 1983) , often the only Ti listed are those of the same harmonic order as the forcing. Except for long-period (s = 0) tidal effects on UT1 and diurnal (Is1 = 1) effects on polar motion, all rotational effects of tidal inertia are produced by secondary tide-height coefficients. As an illustration of the potential unreliability of using such coefficients, we note that coefficients of S2 might be expected to be nearly 2.5 times those of N2, based on the correspondingly larger forcing potential; similarly, the M2 coefficients should be five times those of N2.
Certainly any frequency dependence in the oceanic response to tidal forces (cf. Dickman 1991) could modify these ratios.
Yet in the altimetric models, e for the S2 constituent is five times, and that for M2 is more than 11 times, the coefficient for N2; and e for the S2 constituent is 16 times, and for M2 27 times, that of the N2 coefficient for the Schwiderski models. The T : ' coefficients for these models, needed for the remaining inertia effects (see eq. 4), are also secondary components but happen to be much closer to the proportions based on forcing potentials, for both the altimetric and Schwiderski models. Predicted rotational effects of the hybrid altimetric and Schwiderski tide models are summarized in Tables 6 and 7 . Given the preceding caveats, it is not surprising to find various levels of differences among these and also the spherical harmonic predictions. For UT1, the greatest altimetric versus numerical differences are found for the inertia effects of the K1 and N2 tides. These are probably consequences of both the secondary nature of their degree-two order-zero tide-height coefficients and contamination by the degree-zero, order-zero coefficients: for K1, the altimetric is nearly 80 per cent of its coefficient and almost eight times the Schwiderski g ; while for N2, the Schwiderski is 400 per cent of its coefficient and eight times greater than the altimetric 6. In contrast, the K1 and N 2 momentum effects, which derive from a combination of all tide height coefficients (see Dickman 1991) , show less discrepancy. For the P1, 01, M 2 , and S2 constituents, altimetric and numerical predictions o f inertia effects on UT1 appear to be similar, as do their predictions of momentum effects. However, differences in phase cause the total effects to disagree significantly for 01 and also S2; in the case of P1 and M2, phase differences cause the inertia and momentum effects to add slightly in * a is the semi-major axis, in units of micro-arcseconds; e is the ellipticity of the polar motion path; and, the orientation of the ellipse is specified by A, the orientation of the semi-major axis in "E longitude. See the caption for Table 6 (a) for general comments. * a is the semi-major axis, in units of micro-arneconds; e is the ellipticity of the path of the reported motion; and, the orientation of the ellipse is specified by A, the orientation of the semi-major axis in "E longitude. See the caption for Table 6 (a) for general comments.
the numerical tide models but cancel slightly in the altimetric models. Greater differences in UT1 effects exist between the spherical harmonic model and the others. The spherical harmonic predictions are generally much smaller in magnitude, although there are some similarities in the semi-diurnal band, especially for the momentum effects. Possible reasons for the overall discrepancies were discussed previously.
The altimetric and numerical predictions of diurnal perturbations of nutation show very good agreement, for inertia, momentum and total effects. In this situation, of course, the tide-height coefficients which determine the inertia effect are of the same harmonic order as the forcing potentials. And, as they are of different order than the semi-diurnal forcing, agreement between altimetric and *Units are microseconds of time; UT1 Phase, relative to 'epoch', is given in parentheses. Inertia effects on rotation derive from Schwiderski (1983) tide-height maps, as converted to spherical harmonic coefficients using a least-squares procedure courtesy of R. Ray (personal communication 1991); momentum effects derive from tidal velocity spherical harmonic coefficients inferred using the theory of Dickman (1991) with the Schwiderski/Ray tide height coefficients through degree and order 8. * a is the semi-major axis, in units of micro-arcseconds; e is the ellipticity of the polar motion path; and, the orientation of the ellipse is specified by A, the orientation of the semi-major axis in "E longitude. See the caption for Table 7 (a) for general comments.
numerical nutation predictions is only moderately good for the semi-diurnal constituents.
For the diurnal effects on nutation, the spherical harmonic predictions are roughly similar to those of the other models; however, there are some interesting differences. In terms of the elliptical path of the nutation generated by diurnal inertia effects, the spherical harmonic semi-major axes are typically three-fourths of the semi-major axes of the other models, while the spherical harmonic semi-minor axes are about twice the others; these models evidently partition inertia excitations of similar magnitude differently. For the momentum effects both the semi-major and -minor axes of the spherical harmonic predictions are smaller. The net effect is elliptical motion of similar orientation and shape (ellipticity), but with ellipses of the spherical harmonic model about two-thirds the size of the other models. Surprisingly, the semi-diurnal momentum and net effects on reported motion predicted by the spherical harmonic model tides are not that dissimilar to the altimetric predictions. As started earlier, disparities involving the inertia effects are to be expected. * a is the semi-major axis, in units of micro-arcseconds; e is the ellipticity of the path of the reported motion; and, the orientation of the ellipse is specified by A, the orientation of the semi-major axis in "E longitude. See the caption for Table 7 (a) for general comments.
Results from a decimated tide model
It was mentioned earlier that ocean-tide models are often published with spherical harmonic coefficients only of the same order as the tidal species. In the case of state-of-the-art models based on satellite orbit perturbations (e.g. Marsh et d. 1990 for the GSFC models; Cheng 1991 personal communication for the CSR models) this is an unavoidable consequence of the orbital sensitivity to perturbing forces of the same harmonic order. Their published tidal harmonics generally agree with those of numerical and altimetric models but do possess unique characteristics as well, so it would be instructive to determine the tidal effects on rotation which they imply. The obvious question is whether tidal effects can be predicted accurately from a limited set of spherical harmonic coefficients.
As a partial answer to this question we have evaluated the effects on rotation from a 'decimated' tide model-the 01 altimetric tide model with all tide height coefficients except v, 1st = 1, set to zero; see Tables 6. Decimated diurnal tide models cannot predict the tidal inertia effect on UT1, since their coefficients are zero (decimated semi-diurnal models cannot predict those or inertia effects on wobble/nutation, due to their lack of T2f1 coefficients).
Nevertheless, the non-zero tide height coefficients can be used to predict the effects of tidal momentum on UT1; because the primary coefficients of the diurnal model are included in the decimated set, such predictions may even be moderately accurate. As shown in Table 6 (a), the predicted momentum and thus total effects of the decimated tide model on UT1 turn out to be about 50 per cent as large as the effects predicted by the 'full' model.
Since the decimated 01 model includes the T: ' coefficients, its prediction of inertia effects on wobble and nutation is the same as the full model. We see in Tables 6(b)-(c) that its prediction of momentum effects on nutation is only a small over-estimate (-20 per cent); consequently, its total prediction of 01's effect on nutation is a fairly good one. We conclude that determining wobble/nutation effects at diurnal periods using SLR-based tide models would be worthwhile; by implication, so would determining I.o.d./UTl effects at long periods.
Results from the complete broad-band theory
All of the preceding results are based on a model of Earth rotation in which the oceanic response to rotational perturbations is frequency-independent (and set equal to the response at a 14-month period); indeed, the results based on tide-height coefficients of other (satellite and numerical) tide models could not have been determined with consistency otherwise. To assess the validity of such an approach, we also employed our spherical harmonic theory to calculate the effects of a variety of tide constituents using complete oceanic responses in the broad-band Liouville equations. We found-compared to Tables 2-S-very slight differences in the short-period (and, rarely, the long-period) predictions of wobble; in the short-period predictions of reported motion; and in the semi-diurnal (and, rarely, the diurnal and long-period) predictions of the axial observable, NL. The bulk of these differences (none of which exceeded significantly improved the manuscript, as did comments by P. Brosche. This work was supported by NASA grant NAG 5-145. All computations-and there were quite alot of them!-were performed on the IBM 3090-2OOe Vector Facility at the SUNY-Binghamton Computer Center. 0.002 X lo-'" rad, or 0.002 x lo-" s in the case of Nb) affect the short-period bands; conceivably, if our spherical harmonic model is indeed deficient at high frequencies, the actual differences might be significantly greater. Subject to that caveat, we conclude that all of the differences can be neglected, and using the pre-set oceanic rotational responses is acceptable.
Comparisons with observations
Comparisons of predicted tidal effects on Earth's rotation with actual observations should not necessarily be viewed as definitive tests of ocean-tide models, since in many cases-as discussed earlier-the primary effects derive from minor tidal components. From earlier comments and eq. (4) it may be proper only to treat long-period UT1 (or 1.o.d.) predictions as tests of long-period tide models, and diurnal wobble (or reported motion) predictions as tests of diurnal tide models. The author is not aware of any published analyses of diurnal wobble data at a level of accuracy high enough to discern ocean tidal effects. Brosche et al. (1991) report general agreement between the Brosche et al. (1989) fortnightly ocean tidal predictions and recent VLBI UT1 data. McCarthy & Luzum (1991) find that the bulk of the power in long-period 1.o.d. observations (from a combined VLBI, SLR, and LLR data set) can be accounted for when the entire Brosche et al. (1989) long-period model (as well as atmospheric angular momentum effects) are incorporated into the standard set of UT1 corrections.
Brosche et al. (1991) were able to resolve a number of semi-diurnal and diurnal signals from VLBI UT1 observations when the data was subdivided into two-hour segments. On such ultra-short time scales, an analysis of this type may be compounded in difficulty by the need to simultaneously account for high-frequency tidally induced polar motion; but Brosche et al. state that the pole positions were kept constant over 24-h periods. Additionally, one would expect atmospheric processes to excite diurnal variations in Earth rotation that might obscure the oceanic signals. Nevertheless, agreement with the theoretical predictions of Brosche et al. (1989) is found to be fairly good; this might be interpreted to mean that the short-period UT1 predictions in Tables 4(a)-5(a) are severe underestimates. On the other hand, Brosche et al.3 correlations between observation and theory, though statistically distinct from zero, are very low, less than 0.25; and, their estimated short-period amplitudes are generally much smaller than the ambient noise in the data (see Tables 1 and 2 
